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ABSTRACT

This paper describes a preliminary siudy that attempts t0 detenmine the oxidation state of Fa
(Fe" /EFe) with the elactron microprobe (EMMP} by measuring the self-absorption induced shift of
the Fela peak emitted from mineral: and glazses. In tranzition metals of the first row, the L-zpectra
exhibit common distortions, namely peak position shiftz, peak shape alterations, and changes in the
Ip/La ratios, cauzed by the large differencs in the self-abzorption coefficients {«/p) on either zides
of tha I abzorption edzes that are in close proximity to the La peak maxima. MMeasurament: per-
formed on a-Fe 0, and Fe, O oxides have shown that zelf-absorption affacts are stronger for the
later oxide, leading to enhanced Fe® La peak shift toward lonzer wavelangths as the beam energy
Increazes. First measuraments performed on silicates have confirmead that enhanced self-absorption
of Fela ocours on Fe™' sites. The measurements consisted of plotting the Fela peak posifion at a
fized beam enersy (15 keV) agamst the total Fe concentration for two seriez of Fe''- and Fe''-
bearme zilicates. In a first step, these data have shown that both Fe''La and Fe'' Lo peaks szhift
contirmously towrard longer wavelangths as the Fe conceniration increaszes, with enhanced shifis for
Fe*'La. For zilicates containing only Fe'' or Fe'', no effacis of the site zeometry were datected on
the vanations of the Fala peak position. A zecond zot of plots has shown the variations of the peak
poszition relative to the previous Fe''-Fa"' curves of stap 1, as a functon of the nominal Fe*' /iFa, for
a series of referance minerals (hvdrated and non-kovdratad) and basaltc glassez. Data from chain
and zheet silicates (2.g., prroxenss, amphiboles, micaz) exhibited strong deviation: compared to
other phasss (2.2., garmets, Al-rich zpinsls, glasses), due to reduced zelf-abzorption of Fala.
Intervalence-charge transfar (IVCT) mechanisms batween Fa'' and Fe'' zites may be the origin of
these deviations. Theze crystal-structure effectz limit the accuracy of the method for mixed
Fe''-Fe' valence zilicates. Pracizions achieved for further Fe''/ZFe measurements strongly depend
on the total Fe concentration. For basaltic glazzes containing an average of § wi% Fe and 10%%
Fa''/ZFa, the precizion iz about 2% (abzolute). For low Fe concentrations (below 3.5 wis), the
uncertainty in the peak position meszured by the EMP specirometers leadsz to error hars that are
similar to with the zeparation of the curves fitted to the Fe™' and Fe"' plots, which is propazated as
prohibitiee lack of precision for Fe' /EFe {>70% relainqa). A major limitation of microbeam meth-
ods mn general deals with beam damage. This aspect has been carefullv studied for bazaltic glazzes,
and optimal beam conditions have been establizhad (in seneral elactron dozes hisher than thosza
correspondmg to 130 nA and 30 ocm beam diameter should be avoided to prevent large beam in-
duced oxidation phenomsana). Additional work, in progress, concerns: {1} other beam-zansitive phazas
such as ndrated glaszes; and (2} minerals in which Fela is affected bv larze matrix effect correc-
tions {e.z., Cr- and Ti-rich oxides where Fala &= stronzh absorbed), for which the salf-abzorption-
mduced shift of Fela is different from that of common zilicates and glazzes.

INTRODUCTION phyzical properties of mantle rocks, core-mantle intsractions,

The redox state of Earth’s mantle is a critical parametsr to and the atmozpheric chemistry through time (Eadik and
constrain models on the origin and the evolution of the Earth. Lukanin 1985 FKasting et al. 1093). The redox state of the up-
Oxyeen fogacity plavs an important role in volatile speciation, per mantle is commonly estimated through values of oxygen
fuzacity calculated on the baziz of Fe*'/Fe' equilibrium among

, _ At minaral azzemblages zuch as olivine-orthopyroxens-spinel
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wet chemical analyzaz on minerals or glaszes (Chriztie =t al.
19347, For example, systamatic relationships have been pomtad
ot betwean upper mantle oxidation states and tectonic regimes
(2.2., Wood 2t al. 1900; Canil 2t al. 1004, However, the effacts
of different processes on mantle redox conditions are =till de-
batad: ars the largs variations in the redox state linkad to C-0-
H fluids (Afattioli et al. 1989) or do they result onlv from
magmatic procaszes, partial melting, and melt mikration
(Amund=en and Newmnann 1902; MoGuire et al. 1900137 Many
of the controversies about thiz subject ultimaiely relate to the
paucity and irrelevance of the availabls data. This lack of data
may be the major justification for contirming to zearch for tach-
nigues of determining Fa''/EFa.

Iron commonly oocurs in two differsnt oxidation states. The
radox state of Fe iz stronghy dependant on the imteraction with
C-0-H fluidz in natural masmas. Thesze fluids: play quita Jif-
ferant structural roles (Wavchunasz ot al. 19588; Coonav and
Sharman 1900; Jackson et al. 1900} and have considerable in-
flusnce on properties of silicate melts such a2z density or vis-
cozity. The effact of the oxidation state of F2 and oxvaean, the
changes in Fe''/iFa, and interactions of Fe and O in silicate
melis hava been widely debated (2.z., Dvar 1085 My=zan 1988).
The determination of Fe''/ZFe alonz with the sites occupied
bv Fe' and Fe’ 'cations and their ralationzhips with the silicate
framework provide a basis from which the thermal hiztorv, and
hence the melting proceszes by which a particular natural glass
haz formead, mayv be daduced.

Driffarant methods: are commeonly uzed to maasure Fe'' /(ZFe
in zilicates and glasses and will be briafly reviewed in the next
section. Extracting quantitative Fe' /ZFe valusz from the
Fala p emizzion spactra measured with the EMEP has been a
long-term subject of study o geological applications (22e Hofer
et al. 1004 for a history of the related works over the past 35
vears). Actoally three wavs have been investizated to procass
the Fe-La B spectra: (1) meazurement of the Lo peak shifts;
(1) measurement of the change m LB/La intenzity ratios; and
(37 a bvbrid of 1 and 2 (Hofer et al 1904, 2000).

We prezent in thiz studv a technique bazed on method (1)
that iz applicable to minerals and glasses for which the total Fe
conceniration (in Wit} haz been previouszly established. The
limitations of the method are discussed.

EXISTING METHODS FOR THE DETERMINATION OF
Fe*/iFe

Bulk methods=

Zeveral bulk methods have been devaloped to detarmine
Fe''in silicate minsrals. {1) Volumetric and colorimetric meth-
odsz were proposed by Wilzon (19600, Decomposzition of the
sampls iz carriad out at room temperature by hvdrofluoric acid
containing V*' to oxidize Fe'' asz it pazzes mio zolution Be-
toveen 50 and 200 mz of carefully hand-picked zlass is raquired
for this method. (1) Elecirochemical cellz {e.g., Sato 1070;
Eadik 1907} also mayv be usad for measuring oxygen fuzaci-
tiesz, but reduction of the Fe' during experiments with C-bear-
ing samplez provides low f,. values (Virgo et al. 1988). (3) In
hIossbauer spectroscopic anahvsis, Fe''/EFe can be determinad
diractly from the relative areas of the Fe' and Fe'' quadrupole
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zplit douklets. A major advantaze of the technigue i=s that any
uncertainty in the total Fe content of the sample does not affect
the Fe''/ZFe, bacauze tha Mdzzbansr speciroscopy involves
only decormvolation of the spactral data. In contrast, large un-
certainfies gccur when Fe'' /EFe is zo low that the high-veloc-
itv componant of the Fe'' doublet is no longer dizcernible in
the zpeciral data. Thiz 1= uzually the caze for phazez with less
than 10% Fe'' (Le., Fe"/ZFe < 0.1). In addition, the specira of
amorphous solids are lesz well defined than those of their crvs-
talline analogs {e.z.. Map et al. 1973; Eibachutz and Lines
1932, which introduces zome uncertainties in the least-zguares
ftting used for the deconvolition procedure. (4} Alillimetric
J-rav beams, and related J{-rayv photoelectron spactroscopy or
HPS, can be uzed by analyzing the Fe'' and Fe' photopeaks
emitted from the sample (Rasbarn ot al. 19973, 1907}, Owing
to the kow ezcape depth of the photoslectrons (tvpically 5 mm}
the method 1= vary surface sensitive, which requires enhancad
sampls preparation to prevent surface contamination. Very low
Fa"/iFa (down to 2%) can be measured by this method with
uncertaintiss below £10% relative. (5) Crvstal field abzorption
spectroscopy with millimetric near-IR-visible-1TT% sources aives
mmformation on the oxidation state, coordination number, and
geometry of the caton zites by procezzing the d — d transi-
tions i the TUNV-vizible region {200 nm) (Bums 1903). In theory,
the intenzity of the absorption bands allows the rezearcher to
determime the concentration of the cation in its various oxida-
tionm states using the Beer-Lambert relationzhip (2.g., Binzham
et al. 1999 For Fe, however, measurament of the Fe'' band,
of low intenszity comparad to Fe™', iz rendered difficult by the
prasence of an intensze absorption backzround due to
mmtervalence charge transfer (IVCT) between Fe'' and Fa™' cat-
ions {Fe'' 3d — Fe' 3d tranzitions, below for more comments
on IVCT mechanizmsz}.

The major criticism agamst bulk method: concerns the pu-
rity of the zamples. Even carefully hand-picked glazzes or min-
erals may contain traces of zome other material that sipnificantly
changas the Fe' /EFe value.

Microbeam methods

To avoid contmbutions from undezirable phases, micro-beam
techniques are particularh uzeful. Salection of surfaces from
natural glasses or minerals that are free of anyv alteration, crack-
ing, or :econdary vemms can be mads by optical examination
even at a scale of about 5 «m. Furthermors, thezs techniques
are also uzaful for experimental materials, with dimensions
ranging from faw hundred micromesters to few millometars,
which cannot be proceszad by the commeon bulk methods cited
above. Finally, it iz mnportant to emphazizs that, unlike bulk
methods, a quantity of abput 1 «g can in theory be proceszad
using microbeams. The Mazzbaver method has been adaptad
to the study of zamples with an area as zmall as 100 «m” with
the development of the milliprobe (McCammon ot al. 10917,
The main dizadvantage of the later method iz the lonz time
exposures raquired to balance the weak intensity of the beam.

The local determination of the oxidation statss of Fe using
both electron and 3{-ray spectrozcopies haz bacome more and
more popular a= a consequence of the development of modem
micro-beam sources (slectrons or X-ravs). Active research on
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svachrotron-bazed, hish-resolution micro-XANES C<-1ay near
edeze absorption structare) at FekK- and L-adges is in prograss
in comnection with computer simulations to provide informa-
tion on chemical bonding and oxidation statas (Cressey et al.
1993 de Groot 1204 Brown ot al. 1995; Westre ot al. 1007;
Delanev ot al. 1998). Thiz method promizes to provide mfor-
mation on omidation states and zite occupancy of Fe m mag-
masz where data for both remaimn controversial Dramatic increase
of the zpatial resolution has besn achieved by the developmeant
in the transmiszion electron microscope of ELMES (energyv-
lozs near-edge structure spactroscopv), the eguivalent of
WAMNES for electrons, which allows the determination of
Fa"/iFe at the 10 nm zcals by probing the Fel- and ldfedgzes
(van Aken et al. 1908, 19290; Garvie and Busack 1908}, For the
EMP, Fe*/ZFe can be datermined by Hofer's tachniqus {citad
above) nzing calibration curves constructad fromm pracise mea-
suraments on reference materials. Uszing ssparate calibration
curves for each mineral sroup, the precision and accuracy of
Fa"/iFea with this later mathod 1z 2% {abzohite).

EXPERIMENTAL METHODS

Instrumentation

Measurements were carried out with 3 Cameca Camebax
EMP. operatimg at 13 kel nzing TAP monochromator crystals
(2d = 2.375 am). The Fela peak maximum was located by
using the regular automatic routine of the Cameca ENMP soft-
wars, The timme requirad for a single peak search was &0 5, laad-
ing to an uncertainty of about =8 Braze sin angle (zing)
mmcremeants (1 incrament = 1,107 zind) in the Fela pesk posi-
tion for Fe concentrations ranging 5 to 30 w2 with a beam
currant of 40 nA. The pulse height analvzer was zat to avoid
the interfaranca of Fela with the hish-energy ninth-order FaKa
peak.

Sample dezcription

The method for determining Fa''/ZF s iz bazed on two cali-
bration stages. for which two specific sroups of both hvdrons
and anhydrous minerals have been salected, together with natu-
ral and svanthetic glazzes. For the first calibration stage, the fol-
lowing anbvdrous mineral: containing either Fe™' or Fe' ware
selactad: (1) clinopvroxenes (diopzide and hedenbergite, with
3 and 16 wit% Fe' respactively, and acmite with 19 wit? Fe™);
(2) orthapvroxene with @ wi¥ Fe' | (3) olfvines with 3-17 wt%
Fa*'; (4) garnes {andradiie with 22 wi% Fe'' and almandine
with 17 ot Fe™"); (5) E-feldspar with 4 wt% Fa''; {6) epidore
with 7 wi%e Fe™; and (7} staurnlite with 2.9 wi% Fa'.

For the second calibration stage, zamples with varying
Fe'/EFe have been selected. Mineral zpecies were (1)
climopvroxenss (3ix minsrals) with 5-23 wi%e Fe and 15-26%
Fa"/iFe; (I} pornet: (four minerals) with 5—-20 wit* Fe and
47-80% Fe' /LFe; (3) Al-rick spingls (zeven minerals) with 9-
17 wi% Fe and 14-75% Fe*/ZFs; {4) amphiboles (o0 miner-
alz) with 7-10 wt%s Fe and 05-03% Fe''/ZFe; (3) micas (four
minerals) with 8-18 wi% Fe and 1533 Fe*' /ZFe. The follow-
ing 25 glass zamples also were stdiad: (1) thelefitic {16 natm-
ral samples) with 7-10 wt% Fe and 10-17% Fe' /ZFe; (2)
bazaltic lava (six samples obtainsd by fusion of powdered natu-
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ral glazzes at 1270-1300 °C under comirollad air fluxes to ob-
tain the required Fe"/ZFe) with 6-8 witl Fe and 30—85%
Fa''/iFe; and (3) andesitic (three synthetic zamples, same treat-
ment as for the basaltc glaszas) with 3-18 wit?s Fe and 30—
64% Fe" /ZFe. The eszential data on mineral and glass
compositions uzed m this study are presented in Tabla 1. Val-
uez of Fe''/iFe were erther calonlated by common stoichiom-
etry and charge-balance relationship: deduced from EMP
analyzes of anhvdrous minerals, or meazured by wet chemastry
and’or Mosshauer spectrozcopy for glaszses (Humler etal. 1998;
MNeuville at al., unpublizhed data, 1909} and hvdrous silicates
(wet chemisiry on separated minerals).

SELF-ABSORFTION OF LOW ENERGY Lo PEAKS

The L-seriss peaks emitted from the first row transition
metals are the result of radiative electronic franzitions betwean
the partially fillad 3d orbitals to tha 2p (or L, ) core levels. The
enargie: of these peaks are below 1 keV. Several papers have
dezcribad the L-senes of hight transition metals, az well as those
of Cu and Zn (Parratt 1259; Holliday 1068; Bonnells 1087),
and point out the large contribution of zelf-absorption (1.2
abzorption by itz own atoms or ions of X-rav photons emittad
from a chemical species) in misinterpretation of experimental
spectra. Indead, self-abzorption iz responsible for asyvmmetries
on the high-energv side of the L-peak: leading to peak posi-
tion shifts and chanszas in the LR/ La ratio {O'TMions and Smith
1971; Remond et al. 1994). These speciral distortions are caused
bv the larse contrasts in absorption coefficients on etther zide
of the matal . edzes that ara in cloze proximity to the La peak
maxima. The full widths at half maxmum (FWHM) of low-
enareyv L peaks is the comvolution of the natural widths of both
3d and 2p level:. The enargy distributions of the 2p levels are
dezcribed by Lorentzian curves with widths imversely propor-
tional to the hfetime of the Zp-core holez. The 2p level width is
~1.5 &V in Fe (Bonnella 10646, In addition, the final stat2 hole
canzes the 5d band to broaden. Somalar peak broadenings re-
lated to the lifatimme of the ionized state affact the Ip absorp-
tion spectra (de Groot et al. 19007} Salf-abzorption accurs when
lifetime broadening: are large snoush to initiate overlap be-
toween both emiszion and absorption bands. Due to the later
infrinzic less of resolving power of the method, photons are
genarated with the minimal energy reguirad for transitions from
the 2p core level to continuum statas (empty states just above
the Fermi level, E,, for low energy peaks). Empty states at E,
for transition metals are compossd of admpcturss of 3d and 4:p
states. In applving dipols zelsction rules, transitions of core
elactrons {as 2p electrons) to localized empty states {e.z.. 3d}
dominate over delocalized conduction states {e.z., 4sp}. Both
tvpes of tranzition: mav dramaticallv change the shape of the
L.-adze with strong affects on the self-absorption. A clazzical
example 1z given by the comparizon of the Cul, abzorption
gpecira of Cu,C and CuQ {e.2.. Eonnella 12668). The L, dizcon-
tmaniy of the former i arctangent shaped, which 1= characier-
istic of 2p — 4= twansitions (low salf-absorption of Cula),
whearaas that of the later conzistz of a white-line (ie., 1z peak
shaped) as 3 consequence of highlv probabls transitions to the
3d-hole localized on the e, orbital (high self-absorption of
Cul a). Therefora, the self-sbzorption intenzity of zoft Lo peaks



